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SUMMARY 
Measurements were made of t h e  p r e s s u r e  d rop  and the rma l  per fo rmance o f  
t h e  un ique r e f r i g e r a t i o n  hea t  exchanger i n  t h e  NASA Lewis I c i n g  Research Tunnel 
( I R T )  under severe  i c i n g  and f r o s t i n g  c o n d i t i o n s  and a l s o  w i t h  d r y  a i r .  Th i s  
i n f o r m a t i o n  w i l l  be u s e f u l  t o  those p l a n n i n g  t o  use or ex tend  t h e  c a p a b i l i t y  
of t h e  I R T  and o t h e r  i c i n g  f a c i l i t i e s  (e .g . ,  t h e  A l t i t u d e  Wind Tunnel (ANT) ) .  
The I R T  h e a t  exchanger and r e f r i g e r a t i o n  s y s t e m  i s  a b l e  t o  c o o l  t h e  a i r  
p a s s i n g  t h r o u g h  t h e  t e s t  s e c t i o n  down t o  a t  l e a s t  a t o t a l  t e m p e r a t u r e  o f  -30 O C  
( w e l l  be low t h e  r e q u i r e m e n t s  of i c i n g ) ,  and u s u a l l y  up t o  -2 OC. The sys tem 
H o l d i n g  a u n i f o r m  t e m p e r a t u r e  i s  more d i f f i c u l t  and t i m e  consuming a t  low a i r -  
speeds, a t  h i g h  t e m p e r a t u r e s ,  and on h o t  humid days when t h e  c o o l i n g  towers 
a r e  l e s s  e f f i c i e n t .  
4 a
co pr)
I m a i n t a i n s  a u n i f o r m  t e m p e r a t u r e  across  t h e  t e s t  s e c t i o n  a t  a l l  a i r s p e e d s .  
W 
T e s t s  show t h a t  t h e  v e r y  smal l  su r faces  o f  t h e  hea t  exchanger p r e v e n t  any 
i c i n g  c l o u d  d r o p l e t s  f rom p a s s i n g  th rough  i t  and g o i n g  th rough  t h e  t e s t  s e c t i o n  
a g a i n .  
would be t h e  m a j o r  p r e s s u r e  d rop  component; a c c o r d i n g l y ,  t h e y  des igned t h e  hea t  
exchanger so t h a t  i t  would n o t  be a d v e r s e l y  a f f e c t e d  by severe  i c i n g .  
The o r i g i n a l  d e s i g n e r s  of t h e  I R T  r e c o g n i z e d  t h a t  t h e  h e a t  exchanger 
The e f f e c t  o f  severe i c i n g  on t h e  p r e s s u r e  d rop  and thermal  per formance o f  
t h e  h e a t  exchanger was measured. 
d rop ,  and an i n c r e a s e  i n  t h e  fan speed (rpm) was r e q u i r e d  t o  m a i n t a i n  a con- 
s t a n t  a i r s p e e d  i n  t h e  t e s t  s e c t i o n .  D u r i n g  t h i s  t e s t  t h e  h e a t  exchanger  i c e d  
up u n i f o r m l y  enough t h a t  t h e  tempera ture  u n i f o r m i t y  was no worse than  about  
21 o c .  
Worst-case i c i n g  n e a r l y  t r i p l e d  t h e  p ressu re  
The o v e r a l l  c o n c l u s i o n  i s  t h a t  t h e  I R T  h e a t  exchanger ,  wh ich  was des igned 
and b u i l t  more than  40 yea rs  ago, i s  a s o p h i s t i c a t e d  un ique d e s i g n  t h a t  pe r -  
fo rms s u p e r b l y  and i s  necessary  f o r  i c i n g  r e s e a r c h .  
I t  
a rea  be 
t h e  o l d  
showed 
w e l l  as 
severe  
has been suggested t h a t  an I R T  hea t  exchanger des ign  of i nc reased  f a c e  
used f o r  t h e  proposed AWT, and t h a t  i t  be l o c a t e d  i n  t h e  same p l a c e  as 
ANT h e a t  exchanger .  Measurements of t h e  I R T  hea t  exchanger per formance 
h a t  i t  would m e e t  t h e  d r y - a i r  p r e s s u r e  d rop  and hea t  t r a n s f e r  g o a l s  as 
t h e  proposed AWT hea t  exchanger .  
c i n g  and f r o s t i n g  c o n d i t i o n s .  
I t  shou ld  a l s o  p e r f o r m  b e t t e r  under 
INTRODUCTION 
A schematic of the NASA Icing Research Tunnel (IRT) is shown in figure 1 .  
The refrigeration heat exchanger is located upstream of the test section and 
downstream of the tunnel fan. The refrigeration heat exchanger in the IRT has 
three primary tasks: ( 1 )  to cool the airflow to the temperatures required for 
icing tests and for a minimum pressure drop; (2) to maintain a uniform tempera- 
ture and velocity across the test section even after long severe icing sprays; 
and (3) to completely remove the droplets of the icing spray cloud. 
Old documents in the historical file of the IRT (c. 1943) indicate that 
the original designers of the IRT recognized the following in their selection 
of the IRT refrigeration heat exchanger configuration. The heat exchanger has 
the largest pressure drop of any component in the closed tunnel loop. As the 
icing-cloud droplets accrete on the very small surfaces of the heat exchanger, 
the air passages become partially blocked, and the pressure drop across the 
heat exchanger increases. If the heat exchanger surfaces accrete ice nonuni- 
formly, the airspeed and air temperature across the test section could become 
unacceptably nonuniform. 
The main purpose of this paper is to document the IRT heat exchanger per- 
formance data. These data include the overall thermal performance and pressure 
drop in dry air and also after severe icing lasting a long time. The practical 
operating limits of the refrigeration system are discussed. T h i s  information 
will be useful to the users of the IRT and other icing facilities, and t o  peo- 
ple who plan t o  expand the capabilities of icing simulation facilities such as 
the IRT. 
APPARATUS AND PROCEDURE 
The following are described in this section: the NASA Icing Research 
Tunnel (IRT), the refrigeration heat exchanger, and the refrigeration system. 
The instrumentation and test procedure used to determine the performance of the 
heat exchanger are also described. 
Icing Research Tunnel 
The IRT is a closed-loop refrigerated wind tunne with a test section that 
i s  1.8 m high by 2.7 m wide (6 ft high by 9 ft wide). The airspeed in the test 
section can be varied from 40 to 480 km/hr (25 to 300 mph). The total air tem- 
perature can be independently varied from about -2 to -30 OC (28 to -22 O F  . 
(The IRT has been operated at -40 OC, but icing requi es only -30 OC.) Sp ay 
nozzles are used to produce the icing spray cloud with a liquid water content 
(LWC) that can be varied from about 0.2 to 3.0 g/m3 and drop sizes that can be 
varied independently from a median volume drop size (MVD) of about 5 to 40 pm. 
Because of spray pressure limits, not all combinations of LWC and drop size can 
be attained at all airspeeds. For a discussion of the spray cloud calibration 
and possible error sources, refer to the appendix in reference 1 .  
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R e f r i g e r a t i o n  Heat Exchanger 
The r e f r i g e r a t i o n  h e a t  exchanger i s  l o c a t e d  downstream o f  t h e  t u n n e l  d r i v e  
f a n  and upst ream o f  t h e  s p r a y  n o z z l e s .  
t e s t  s e c t i o n  ( f i g .  1 ) .  There a r e  unheated t u r n i n g  vanes ups t ream and down- 
s t ream o f  t h e  h e a t  exchanger .  
The s p r a y  n o z z l e s  a r e  ups t ream o f  t h e  
The r e f r i g e r a t i o n  h e a t  exchanger has e i g h t  i d e n t i c a l  h e a t  exchanger u n i t s ,  
each spanning t h e  8.8-m ( 2 9 - f t )  wide I R T  d u c t  ( B l u e p r i n t s  o f  h e a t  exchanger ,  
I R T  h i s t o r i c a l  f i l e  c .  1943.)  F i g u r e  2 i s  a s i d e v i e w  of these e i g h t  u n i t s ,  
which make up t h e  f o l d e d  h e a t  exchanger shape i n  t h e  I R T .  The h e a t  exchanger 
was f o l d e d  t o  f i t  i n  t h e  I R T  and t o  have enough a r e a  t o  c o o l  t h e  a i r f l o w  s u f -  
f i c i e n t l y .  
exchanger were C a r r i e r ' s  s o l u t i o n  t o  s t r a i g h t e n i n g  t h e  a i r f l o w  and k e e p i n g  t h e  
p r e s s u r e  d r o p  low. 
a r e  i n  l i n e ,  w i t h  a t u b e  s p a c i n g  ( p i t c h )  o f  3 .8  cm ( 1 . 5  i n . ) ,  c e n t e r  t o  c e n t e r ,  
i n  a square a r r a y  as shown by t h e  d e t a i l  s k e t c h  i n  f i g u r e  3. The f i n s  a r e  con- 
t i n u o u s  t h i n  sheets  o f  g a l v a n i z e d  s t e e l .  The f i n  s p a c i n g  i s  wide t o  reduce t h e  
e f f e c t s  o f  i c i n g  and f r o s t  ( 3  f i n s / i n > .  A s  w i l l  be seen, t h e  c l o u d  i s  t o t a l l y  
caught  b y  t h e  h e a t  exchanger  s u r f a c e s  because o f  t h e i r  s m a l l  d imensions and 
a l s o  because o f  t h e  severe  t u r n  t h e  a i r f l o w  must make when g o i n g  t h r o u g h  i t .  
The i m p o r t a n t  d imensions for  t h e  I R T  h e a t  exchanger a r e  l i s t e d  on t a b l e s  I and 
11. 
Sheet-metal  t u r n i n g  vanes on t h e  downstream f a c e  o f  t h e  h e a t  
Each h e a t  exchanger u n i t  i s  e i g h t  tubes  deep. The tubes 
Care was t a k e n  by t h e  d e s i g n e r s  a t  C a r r i e r  C o r p o r a t i o n  i n  1943 ( C a r r i e r  
I n s t r u c t i o n  Manual f o r  R e f r i g e r a t i o n  P l a n t  a t  NACA, C l e v e l a n d ,  OH, Government 
C o n t r a c t  No. NAW-1460; 1944. I R T  h i s t o r i c a l  f i l e . )  t o  ensure  t h a t  t h e  a i r  tem- 
p e r a t u r e  and a i r s p e e d  downstream o f  t h e  h e a t  exchanger  would be u n i f o r m .  
m a i n t a i n  u n i f o r m  h e a t  exchanger  w a l l  t e m p e r a t u r e s ,  t h e  p r e s s u r e  i n  t h e  h e a t  
exchanger tubes i s  k e p t  c o n s t a n t  b y  f o u r  means ( f i g .  3 ) :  ( 1 )  To compensate f o r  
t h e  pressure-head d i f f e r e n c e s  d u r i n g  o p e r a t i o n  ( a t  c o n s t a n t  f low) an o r i f i c e  
p l a t e  i n  each o f  t h e  f i v e  s u p p l y  l i n e s  was d r i l l e d  by t r i a l  and e r r o r  a f t e r  t h e  
h e a t  exchanger was i n s t a l l e d .  ( 2 )  O n l y  a smal l  f r a c t i o n  o f  t h e  r e f r i g e r a n t  
(Freon 12) i n  t h e  h e a t  exchanger tubes b o i l s  t o  ensure  t h a t  t h e r e  w i l l  be v e r y  
l i t t l e  p r e s s u r e  d r o p .  ( 3 )  These tubes a r e  s u p p l i e d  by and exhausted i n t o  l a r g e  
m a n i f o l d s .  (4 )  The combined two-pass p a r a l l e l  and c o u n t e r c u r r e n t  h e a t  
exchanger arrangement i s  a l s o  i m p o r t a n t  i n  keep ing  t h e  temperatures u n i f o r m .  
The p r e s s u r e  d r o p  a c r o s s  t h e  o r i f i c e  p l a t e  a t  t h e  e n t r a n c e  a l s o  assures  s t a b l e  
b o i l i n g  i n  t h e  t u b e s .  The above measures, t h e  f a i r l y  u n i f o r m  a i r f l o w ,  and t h e  
d r o p l e t  m i x i n g  i n  t h e  a i r s t r e a m  a l l  h e l p  ensure t h a t  f r o s t i n g  and i c i n g  a r e  
u n i f o r m  and have a minimum e f f e c t  d u r i n g  l o n g  severe  i c i n g  t e s t s .  
To 
S i m p l i f i e d  D e s c r i p t i o n  o f  R e f r i g e r a t i o n  System 
The e s s e n t i a l s  o f  t h e  r e f r i g e r a t i o n  s y s t e m  ( C a r r i e r  I n s t r u c t i o n  Manual f o r  
R e f r i g e r a t i o n  P l a n t  a t  NACA, 1944) a r e  shown s c h e m a t i c a l l y  i n  f i g u r e  4. I t  
c o n s i s t s  o f  two f l u i d  f l ow  l o o p s  t h a t  m i x  t o g e t h e r  i n  t h e  f l a s h  c o o l e r  where 
t h e  l i q u i d  and vapor  a r e  s e p a r a t e d  b y  g r a v i t y  and screens .  The f o l l o w i n g  i s  a 
s i m p l i f i e d  d e s c r i p t i o n  o f  how each f l u i d  l o o p  o f  t h e  r e f r i g e r a t i o n  system 
works. 
L i q u i d  Freon 12 i s  pumped from t h e  b o t t o m  o f  t h e  f l a s h  c o o l e r  ( s e p a r a t o r )  
i n  t h e  r e f r i g e r a t i o n  b u i l d i n g  t o  t h e  I R T .  O u t s i d e  t h e  I R T ,  t h e  f low i s  d i v i d e d  
i n t o  f i v e  l i n e s  which s u p p l y  t h e  e i g h t  h e a t  exchanger u n i t s .  U n i t s  2 and 3, 4 
and 5, and 6 and 7 share  t h r e e  l i n e s  as shown i n  f i g u r e s  2 and 4, w h i l e  u n i t s  
1 and 8 have t h e i r  own s u p p l y  l i n e s .  O r i f i c e s  i n  t h e  f i v e  l i q u i d  s u p p l y  l i n e s  
compensate f o r  t h e  pressure-head d i f f e r e n c e s .  
Freon i s  b o i l e d  i n  t h e  h e a t  exchanger t u b e s  t o  cool t h e  t u n n e l  a i r s t r e a m .  A s  
a consequence t h e r e  i s  v e r y  l i t t l e  p r e s s u r e  d r o p  i n  t h e s e  tubes  and, t h e r e f o r e ,  
t h e  h e a t  exchanger w a l l  tempera tures  t e n d  t o  s t a y  u n i f o r m .  
l i q u i d - v a p o r  f l u i d  f lows back t o  t h e  f l a s h  c o o l e r  i n  t h e  r e f r i g e r a t i o n  b u i l d i n g  
where t h e  vapor  i s  s e p a r a t e d  from t h e  l i q u i d .  T h i s  l i q u i d  i s  mixed w i t h  t h e  
c o l d  l i q u i d  from t h e  compressor -coo le r  l o o p ,  and t h e  c o o l e d  l i q u i d  i s  pumped 
back t o  t h e  I R T  h e a t  exchanger .  
Less t h a n  h a l f  o f  t h e  l i q u i d  
The two-phase 
The compressor -coo le r  l o o p  p u l l s  o u t  t h e  vapor  from t h e  f l a s h  c o o l e r  
t h r o u g h  damper v a l v e s ,  wh ich  a r e  used t o  c o n t r o l  t h e  p r e s s u r e  i n  t h e  f l a s h  
cooler ( w h i c h  shou ld  be c a l l e d  t h e  s e p a r a t o r ) .  S i n c e  t h e  l i q u i d  i n  t h e  f l a s h  
c o o l e r  i s  s a t u r a t e d ,  t h e  p r e s s u r e  i n  t h e  f l a s h  c o o l e r  r e g u l a t e s  t h e  tempera- 
t u r e .  
tempera ture  o f  t h e  h e a t  exchanger w i l l  be c l o s e  t o  t h e  s a t u r a t i o n  tempera ture  
i n  t h e  f l a s h  c o o l e r .  By a d j u s t i n g  t h e  damper v a l v e ,  t h e  s a t u r a t i o n  tempera ture  
o f  t h e  Freon can be changed to  o b t a i n  t h e  d e s i r e d  a i r  t e m p e r a t u r e  i n  t h e  I R T .  
The r e f r i g e r a t i o n  o p e r a t o r s  t r y  t o  keep t h e  s a t u r a t i o n  t e m p e r a t u r e  about  5 O C  
(10 O F >  be low t h e  d e s i r e d  a i r  t e m p e r a t u r e .  They slowly i n c r e a s e  t h i s  temper- 
a t u r e  d i f f e r e n c e  as t h e  h e a t  exchanger accumulates i c e  and f r o s t .  A t  t h e  
h i g h e r  a i r  tempera tures  steam h e a t i n g  o f  t h e  f i r s t  two t u r n i n g  vanes i s  t u r n e d  
o n  t o  i n c r e a s e  t h e  r e f r i g e r a t i o n  l o a d  and p e r m i t  more a c c u r a t e  c o n t r o l .  A f t e r  
t h e  Freon vapor  passes t h r o u g h  t h e  damper v a l v e ,  i t  passes t o  a header  which 
i s  connected t o  13 compressor-condensor-economizer l o o p s .  The vapor  i n  each 
l o o p  passes t h r o u g h  a f o u r - s t a g e  compressor and t h e n  t o  t h e  condensor where 
t h e  vapor becomes a h o t  l i q u i d .  Heat i s  r e j e c t e d  from t h e  compressor -coo le r  
l o o p  by  t h e  condensor ,  wh ich  i s  c o o l e d  b y  w a t e r  from t h e  c o o l i n g  t o w e r .  The 
h o t  l i q u i d  flows t o  t h e  economizer  where i t  i s  f l a s h  c o o l e d  t h r o u g h  two s tages  
o f  p r e s s u r e  d r o p  and c o n v e r t e d  i n t o  c o l d  l i q u i d .  The f l a s h e d  vapor  i s  p i p e d  
back t o  t h e  second and t h i r d  s tages  o f  t h e  compressor .  The c o l d  l i q u i d  from 
each compressor l o o p  f lows i n t o  t h e  s e p a r a t o r  where i t  mixes w i t h  t h e  h o t t e r  
l i q u i d  coming back from t h e  h e a t  exchanger t h a t  cools t h e  I R T  a i r s t r e a m .  
The p r e s s u r e  d r o p  i n  t h e  l a r g e  r e t u r n  l i n e  i s  s m a l l  so t h a t  t h e  w a l l  
The r e f r i g e r a t i o n  p l a n t  ( f i g .  5)  was o r i g i n a l l y  des igned t o  c o o l  t h e  v e r y  
l a r g e  A l t i t u d e  Wind Tunnel ;  i t  i s  s t i l l  t h e  l a r g e s t  d i r e c t  expans ion  p l a n t  i n  
t h e  w o r l d .  The I R T  has used 3 t o  10 o f  t h e  13 compressors.  
Two a d d i t i o n a l  systems s h o u l d  a l s o  be ment ioned b r i e f l y .  One system 
p e r m i t s  t h e  h e a t  exchanger t o  be d e f r o s t e d  w i t h  warm l i q u i d  Freon from t h e  
s e p a r a t o r .  
economizer .  Exper ience has shown t h a t  d e f r o s t i n g  i s  n o t  necessary  because t h e  
I R T  h e a t  exchanger i s  i n s e n s i t i v e  t o  even severe i c i n g  and f r o s t i n g .  However, 
t h e  d e f r o s t i n g  system i s  s t i l l  used on  a f e w  compressor l o o p s  f o r  f i n e - t u n i n g  
h e a t  a d d i t i o n .  The o t h e r  s y s t e m  i s  a steam h e a t  exchanger wh ich  was used t o  
h e a t  t h e  t u n n e l  a i r s t r e a m  t o  h i g h e r  u n i f o r m  a i r  tempera tures  t h a n  can be pre-  
s e n t l y  m a i n t a i n e d .  T h i s  h e a t  exchanger was removed many y e a r s  ago because o f  
steam l e a k s .  
i c i n g  r e s e a r c h  near  and above i n c i p i e n t  f r e e z i n g .  
c o u l d  a l s o  be o b t a i n e d  by  o t h e r  methods wh ich  a r e  d i s c u s s e d  l a t e r  i n  t h i s  
paper .  
The warm l i q u i d  i s  o b t a i n e d  by  r e d u c i n g  t h e  f l a s h  c o o l i n g  i n  t h e  
H i g h e r  u n i f o r m  a i r  tempera tures  i n  t h e  I R T  a r e  necessary  f o r  
H i g h e r  a i r  tempera tures  
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T e s t  I n s t r u m e n t a t i o n  
On ly  a l i m i t e d  amount of v e r y  s i m p l e  i n s t r u m e n t a t i o n  was added to  t h e  
s t a n d a r d  I R T  i n s t r u m e n t a t i o n  i n  o r d e r  t o  measure a d d i t i o n a l  c r i t i c a l  d a t a .  The 
p r e s s u r e  d r o p  a c r o s s  t h e  h e a t  exchanger ,  APH, was measured w i t h  two t o t a l -  
p r e s s u r e  probes l o c a t e d  ups t ream and downstream of t h e  h e a t  exchanger ,  as shown 
i n  f i g u r e  1 .  The p r e s s u r e  d r o p  was measured w i t h  an i n c l i n e d  manometer wh ich  
can measure a d i f f e r e n c e  o f  0.025 cm (0.01 i n ) .  
V e l o c i t y  surveys  were measured ups t ream and downstream o f  t h e  h e a t  
exchanger (Cubbison,  R.W.; Newton, J.R.;  and Schabes, H . :  T o t a l  P r e s s u r e  Loss 
Across t h e  I c i n g  Research Tunnel  Cooler for T e s t  S e c t i o n  I n d i c a t e d  A i rspeeds 
o f  75 t o  250 mph. I n t e r n a l  R e p o r t ,  I c i n g  Research Tunne l ,  NASA Lewis Research 
C e n t e r ,  C l e v e l a n d ,  O h i o ) .  F i g u r e  6 shows t h a t  t h e  v e l o c i t y  downstream o f  t h e  
h e a t  exchanger v a r i e s  no more t h a n  210 p e r c e n t  o v e r  most o f  t h e  d u c t .  These 
surveys show t h a t  t h e  h e a t  exchanger s u c c e s s f u l l y  per fo rmed i t s  t a s k  o f  making 
t h e  v e l o c i t y  more u n i f o r m  t h a n  t h a t  produced by t h e  fan. These v e l o c i t y  p r o -  
f i l e s  a l s o  show t h a t  t h e  s i n g l e - p o i n t  p r e s s u r e  probes  g i v e  an a c c u r a t e  meas- 
u r e  o f  t h e  p r e s s u r e  d r o p  because t h e  v e l o c i t y  head i s  such a s m a l l  c o n t r i b u t i o n  
t o  t h e  t o t a l  p r e s s u r e  a t  these low a i r s p e e d s .  The downstream v e l o c i t y  p r o f i l e s  
suggest  t h a t  t h e  t u r n i n g  vanes on t h e  downstream face of t h e  h e a t  exchanger 
t u r n e d  t h e  a i r f l o w  a b i t  too much. I n  any e v e n t ,  t h e  c o n t r a c t i o n  r a t i o  o f  t h e  
I R T  i s  so l a r g e  ( 1 4 : l )  t h a t  a u n i f o r m  v e l o c i t y  a c r o s s  t h e  t e s t  s e c t i o n  would 
p r o b a b l y  have o c c u r r e d  even i f  t h e r e  was no  h e a t  exchanger i n  t h e  I R T  t o  h e l p  
make t h e  f low u n i f o r m .  The l a r g e  c o n t r a c t i o n  r a t i o  would a l s o  m i t i g a t e  t h e  
consequence o f  n o n u n i f o r m  i c i n g  o f  t h e  h e a t  exchanger .  
Thermocouples on t h e  I R T  t u r n i n g  vanes upst ream and downstream o f  t h e  h e a t  
exchanger were used to  measure t h e  a i r  t e m p e r a t u r e s .  These thermocouples have 
d r o p l e t  s h i e l d s  so t h a t  t h e y  sense o n l y  t h e  tempera ture  o f  t h e  d r y  a i r .  Ten 
thermocouples a r e  d i s t r i b u t e d  o v e r  t h e  e n t i r e  downstream t u r n i n g  vane a r r a y .  
These thermocouples a r e  used t o  d e t e r m i n e  t h e  s p a t i a l  u n i f o r m i t y  o f  t h e  t o t a l  
a i r  t e m p e r a t u r e  a c r o s s  t h e  h e a t  exchanger and a l s o  a c r o s s  t h e  t e s t  s e c t i o n .  
The s p a t i a l  u n i f o r m i t y  was a l m o s t  always u n i f o r m  t o  2112 O C  (21 O F ) ;  t h e r e f o r e ,  
o n l y  t h e  c e n t e r  thermocouple r e a d i n g s  w i l l  be r e p o r t e d .  There a r e  o n l y  two 
thermocouples on t h e  upst ream t u r n i n g  vanes, s t r a d d l i n g  t h e  c e n t e r .  A l l  t h e r -  
mocouples were checked by immers ion i n  an i c e  b a t h ;  t h e y  were a l l  w i t h i n  1 / 2  O C  
( 1  O F >  o f  t h e  f r e e z i n g  p o i n t .  
A few thermocouples were a t t a c h e d  t o  t h e  copper tubes  o f  t h e  h e a t  
exchanger f o r  a l l  b u t  t h e  f i r s t  few t e s t s .  These tube tempera tures  were a lways 
about  2 O C  warmer t h a n  t h e  s a t u r a t i o n  tempera ture  i n  t h e  f l a s h  c o o l e r  (separa-  
t o r ) .  T h i s  t e m p e r a t u r e  d i f f e r e n c e  i s  caused m a i n l y  by t h e  p r e s s u r e  d r o p  i n  t h e  
r e f r i g e r a n t  r e t u r n  l i n e .  T h e r e f o r e ,  wherever t u b e  tempera ture  d a t a  was n o t  
o b t a i n e d ,  2 O C  was added t o  t h e  s a t u r a t i o n  t e m p e r a t u r e  of t h e  s e p a r a t o r .  The 
t u b e  tempera ture  i s  needed t o  c a l c u l a t e  t h e  l o g  mean t e m p e r a t u r e  d i f f e r e n c e  
(LMTD). A l l  o t h e r  r e p o r t e d  d a t a  used e x i s t i n g  I R T  i n s t r u m e n t a t i o n  ( e . g . ,  t h e  
f a n  speed (rpm) and power) .  
T e s t  Procedure  
The h e a t  exchanger per formance t e s t s  i n v o l v e d  t e s t s  w i t h  d r y  a i r  and w i t h  
i c i n g .  For t h e  d r y  a i r  t e s t s  ( i . e . ,  no s p r a y ) ,  t h e  t u n n e l  was b r o u g h t  t o  t h e  
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d e s i r e d  a i r s p e e d  and a i r  t e m p e r a t u r e .  The t o t a l  tempera ture  i n  t h e  t e s t  sec- 
t i o n  i s  t h e  s t a t i c  a i r  t e m p e r a t u r e  measured a t  t h e  I R T  t u r n i n g  vanes ups t ream 
o f  t h e  spray  system. The p r e s s u r e  d r o p ,  t e m p e r a t u r e s ,  and o t h e r  d a t a  were 
recorded when t h e  r e a d i n g s  were s t e a d y .  The p r o c e d u r e  f o r  t h e  i c i n g  t e s t s  o f  
t h e  heat  exchanger was t h e  same as f o r  t h e  d r y  a i r  t e s t s  except  t h a t  t h e  t o t a l  
p r e s s u r e  probes ups t ream and downstream o f  t h e  h e a t  exchanger were capped 
b e f o r e  each i c i n g  s p r a y  t o  p r e v e n t  i c i n g  c l o u d  d r o p l e t s  from p l u g g i n g  t h e  
tubes .  A f t e r  t h e  i c i n g  r u n ,  t h e  caps were removed, and t h e  t u n n e l  was r e t u r n e d  
to  t h e  d e s i r e d  a i r s p e e d  to  measure t h e  p r e s s u r e  d r o p .  The tubes were t h e n  
capped, and another  p a r t  of t h e  t o t a l  i c i n g - s p r a y  t i m e  was added. The i c e  
a c c r e t i o n  on t h e  h e a t  exchanger  sur faces  was measured a t  t h e  end o f  t h e  t o t a l  
i c i n g - s p r a y  t i m e .  I c e  a c c r e t i o n  on a l l  p a r t s  o f  t h e  I R T  t u n n e l  l o o p  was meas- 
u r e d  a t  t h e  end o f  some o f  these h e a t  exchanger t e s t s  ( r e f .  2 ) .  
The steam h e a t  to  t h e  t u r n i n g  vanes was o f f  d u r i n g  a l l  these h e a t  
exchanger t e s t s .  However, t h e  o t h e r  i m p o r t a n t  h e a t  sources remained: t h e  fan 
pumping work ( t h e  f a n  motor i s  c o o l e d  s e p a r a t e l y ) ,  steam h e a t  t o  t h e  spray  
b a r s ,  and h e a t  from t h e  o u t s i d e  coming t h r o u g h  t h e  i n s u l a t e d  w a l l s  o f  t h e  tun-  
n e l  l o o p .  When s p r a y i n g ,  t h e r e  i s  a l s o  h e a t  from t h e  heated  spray  a i r  and 
w a t e r .  
RESULTS AND D I S C U S S I O N  
The e x p e r i m e n t a l  r e s u l t s  for t h i s  paper  a r e  r e p o r t e d  i n  f o u r  p a r t s .  The 
d r y - a i r  r e s u l t s ,  wh ich  i n c l u d e  p r e s s u r e  d r o p  and thermal  per formance d a t a ,  a r e  
d i s c u s s e d  f i r s t .  The d a t a  showing t h e  e f f e c t  o f  severe i c i n g  on  t h e  p r e s s u r e  
d r o p  and thermal  per fo rmance a r e  d i s c u s s e d  n e x t .  
s i m p l i f i e d  d i s c u s s i o n  o f  t h e  o p e r a t i n g  l i m i t s  of t h e  r e f r i g e r a t i o n  system based 
on o p e r a t i o n a l  e x p e r i e n c e .  The l a s t  p a r t  i n v o l v e d  s c a l i n g  up these r e s u l t s  t o  
a l a r g e r  I R T  h e a t  exchanger  t h a t  c o u l d  have been i n s t a l l e d  i n  t h e  proposed 
a1 t i  tude w ind  t u n n e l  . 
The t h i r d  p a r t  i s  a s h o r t  
Dry-Ai r R e s u l t s  
Pressure  d r o p  a c r o s s  h e a t  exchanger .  - The I R T  was r u n  o v e r  a range o f  
a i r s p e e d s ,  and t h e  p r e s s u r e  d r o p  a c r o s s  t h e  h e a t  exchanger APH was measured 
f o r  s e v e r a l  a i r  t e m p e r a t u r e s .  No s p r a y  was used, and v i s u a l  i n s p e c t i o n  showed 
t h a t  t h e r e  was no f r o s t  from w a t e r  vapor  on t h e  h e a t  exchanger s u r f a c e s .  
Tab le  111 c o n t a i n s  t h e  measured d a t a .  The d i m e n s i o n l e s s  loss c o e f f i c i e n t  K 
was c a l c u l a t e d  a c c o r d i n g  t o  s t a n d a r d  p r a c t i c e  from e q u a t i o n  ( 1 )  and t h e  r e s u l t s  
a r e  l i s t e d  i n  t a b l e  111. 
( 1 )  APH 
1 / ~ P H V H  
2 K =  
(Symbols a r e  d e f i n e d  i n  t h e  append ix . )  
c o n t a i n i n g  t h e  h e a t  exchanger VH was c a l c u l a t e d  from t h e  a i r s p e e d  i n  t h e  t e s t  
s e c t i o n  and t h e  areas o f  those d u c t s .  
The average v e l o c i t y  t h r o u g h  t h e  d u c t  
I v = -  
A~ 14 
I VH = - 
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( 2 )  
The average loss c o e f f i c i e n t  K was 3.88, w i t h  no d i s c e r n i b l e  e f f e c t  o f  a i r -  
speed and a i r  t e m p e r a t u r e  on K .  Th is  v a l u e  of K i n c l u d e s  a l l  d u c t  t o  h e a t  
exchanger l o s s e s ,  i n c l u d i n g  t h e  l o s s e s  r e s u l t i n g  from t h e  b e n t  f i n s  and corro- 
s i o n  o f  t h e  40-year-o ld  h e a t  exchanger .  
t h i s  r e s u l t  t o  t h e  h i g h e r  a i r  mass flow f o r  t h e  ANT hea t  exchanger .  
L a t e r  i n  t h i s  r e p o r t  we w i l l  s c a l e  
Heat t r a n s f e r .  - E leven d r y - a i r  c o n d i t i o n s  were r u n  t o  measure t h e  thermal  
per formance o f  t h e  h e a t  exchanger i n  d r y  a i r .  
r u n  a r e  l i s t e d  i n  t a b l e  I11 a l o n g  w i t h  t h e  thermal  performance d a t a  for t h e  I R T  
hea t  exchanger .  
l a t e d  from t h e  e q u a t i o n s  p r e s e n t e d  he re .  
The a i r s p e e d s  and t e m p e r a t u r e s  
The t e r m s  i n  t a b l e  I11 a r e  e i t h e r  measured d i r e c t l y  or ca l cu -  
The tempera ture  r e d u c t i o n  across  t h e  hea t  exchanger i s  equal  t o  a i r  tem-  
p e r a t u r e  upst ream minus t h e  a i r  t e m p e r a t u r e  downstream: 
up - Tdown AT = T (3) 
A s  p r e v i o u s l y  e x p l a i n e d ,  o n l y  t h e  tempera tures  a l o n g  t h e  c e n t e r l i n e  o f  t h e  tun-  
n e l  a r e  used because t h e  a i r  tempera tures  measured ac ross  t h e  h e a t  exchanger 
d u c t  were u n i f o r m  t o  about  21 /2  OC (21 OF). 
The mass f low th rough  t h e  hea t  exchanger i s  c a l c u l a t e d  from t h e  mass f low 
th rough  t h e  t e s t  s e c t i o n :  
I i l = p A V  T T T = PH~H'H ( 4 )  
The d e n s i t y  o f  t h e  a i r  i s  c a l c u l a t e d  w i t h  t h e  i d e a l  gas e q u a t i o n  from t h e  p res -  
sure  and tempera ture  a t  t h a t  l o c a t i o n .  
The hea t  removed from t h e  a i r  i s  c a l c u l a t e d  from 
Q = hc AT (5 )  P 
The l o g  mean tempera ture  d i f f e r e n c e ,  which i s  t h e  c h a r a c t e r i s t i c  t e m p e r a t u r e  
d i f f e r e n c e  used f o r  hea t  exchangers,  i s  g i v e n  by t h e  f o l l o w i n g  e q u a t i o n :  
1 - down Tw,down (Tup - Tw,up ) - ( T  LMTD = I -  (6) 
- I  \ ' down w , down) 
The w a l l  tempera ture  o f  t h e  hea t  exchanger tubes  Tw was measured by  t h e r -  
mocouples t h a t  w e r e  a t t a c h e d  t o  t h e  copper  tubes .  These thermocouples were 
n o t  a t t a c h e d  t o  t h e  tubes for t h e  e a r l y  t e s t  r u n s .  But  i t  was found t h a t  t h e  
tube w a l l  tempera tures  w e r e  un i fo rm,  and t h e  d i f f e r e n c e  between t h e  r e f r i g e r a n t  
tempera ture  i n  t h e  f l a s h  c o o l e r  ( s e p a r a t o r )  TF and t h e  tube w a l l  tempera tures  
Tw was a lways n e a r l y  2 OC. There fore ,  t h e  LMTD was c a l c u l a t e d  f o r  a l l  t e s t  
runs  by u s i n g  t h e  f o l l o w i n g  approx imate  e q u a t i o n :  
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where t h e  w a l l  t e m p e r a t u r e  i s  
Tw = TF + 2 (7b)  
The o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  U can be c a l c u l a t e d  from t h e  fo l -  
l o w i n g  e q u a t i o n :  
Q = UA(LMTD) (8) 
We o n l y  c a l c u l a t e d  t h e  m u l t i p l e  of U and t h e  a r e a  UA because no f u r t h e r  
d e t a i l  i s  r e q u i r e d  f o r  t h i s  s t u d y .  F i g u r e  7 c o n t a i n s  t h e  UA d a t a  p l o t t e d  
a g a i n s t  t h e  Reynolds number. The Reynolds number i s  based on t h e  h y d r a u l i c  
d iameter  o f  t h e  I R T  h e a t  exchanger a i r  passages 
i n  which t h e  h e a t  exchanger i s  i n s t a l l e d .  
dh and t h e  a r e a  o f  t h e  d u c t  
i d  h 
Re = - 
AHp 
(9) 
The UA d a t a  g e n e r a l l y  fo l low a 0.8 power l a w  w i t h  Reynolds number. F i g u r e  7 
w i  1 1  be used l a t e r  t o  s c a l e  up t o  t h e  AWT a p p l  i c a t i o n .  
R e s u l t s  f o r  Worst-case I c i n g  and F r o s t i n g  C o n d i t i o n s  
The e f f e c t  on t h e  h e a t  exchanger per fo rmance o f  s e v e r a l  d i f f e r e n t  w o r s t -  
case i c i n g  and f r o s t i n g  c o n d i t i o n s  i s  d i s c u s s e d  i n  t h i s  s e c t i o n .  F i g u r e  8 i s  
a photograph o f  p a r t  of t h e  h e a t  exchanger w i t h  a good c o a t i n g  o f  i c e .  I c i n g  
i n c r e a s e s  t h e  f low r e s i s t a n c e  ( ! . e . ,  p r e s s u r e  d r o p )  and t h e  t h e r m a l  r e s i s t a n c e  
o f  t h e  h e a t  exchanger .  The h e a t  exchanger i s  t h e  dominant  flow r e s i s t a n c e  i n  
t h e  I R T  t u n n e l  l o o p .  These d e t r i m e n t a l  changes must be compensated for  by 
i n c r e a s i n g  t h e  f a n  speed (rpm) and r e f r i g e r a t i o n  power consumpt ion.  T h e r e f o r e ,  
i t  i s  q u i t e  p o s s i b l e  t h a t  a l a r g e  i c e  b u i l d u p  on  t h e  h e a t  exchanger s u r f a c e s  
c o u l d  cause t h e  f a n  or r e f r i g e r a t i o n  system t o  r e a c h  some l i m i t  w h i l e  a t t e m p t -  
i n g  t o  m a i n t a i n  a c o n s t a n t  a i r s p e e d  and t e m p e r a t u r e  i n  t h e  t e s t  s e c t i o n .  The 
changes caused by severe i c i n g  and t h e  system l i m i t s  a r e  d i s c u s s e d  i n  t h i s  
s e c t i o n .  B u t  f i r s t ,  t h e  severe i c e  and f rost  a c c u m u l a t i o n s  used i n  these 
s t u d i e s  a r e  d e s c r i b e d  a l o n g  w i t h  t h e  i c i n g  c l o u d  s t o p p i n g  a b i l i t y  o f  t h e  h e a t  
exchanger .  
D e s c r i p t i o n  o f  wors t -case i c e  and f ros t  a c c u m u l a t i o n s .  - We must s t a r t  
w i t h  a d e f i n i t i o n  o f  worst -case i c i n g  and f r o s t i n q  c o n d i t i o n s .  The h e a t  
exchanger has s e v e r a l  t a s k s  i n  an i c i n g  w ind  t u n n e l .  A s  w i l l  be seen l a t e r ,  
i t  must d e l i v e r  c o l d  a i r  t h a t  i s  c o n t r o l l e d  and u n i f o r m  to  b e t t e r  t h a n  21 O C  
( 5 2  O F ) ,  p r e f e r a b l y  5112 OC. The h e a t  exchanger  must i c e  up u n i f o r m l y  so t h a t  
t h e  a i r f l o w  w i l l  remain  u n i f o r m  a c r o s s  t h e  t e s t  s e c t i o n .  I t  must remove a l l  of 
t h e  i c i n g  c l o u d  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  t h a t  p a r t i a l l y  f r o z e n  d r o p l e t s  
w i l l  go around t h e  t u n n e l  l o o p  and r e e n t e r  t h e  t e s t  s e c t i o n .  The worst -case 
c o n d i t i o n s  a r e  c l e a r l y  those where t h e  h e a t  exchanger cannot  p e r f o r m  a l l  o f  t h e  
above t a s k s .  
e x p e r i e n c e ,  t h a t  were t h o u g h t  t o  be capab le  of c a u s i n g  t h e  h e a t  exchanger t o  
f a i l  i n  p e r f o r m i n g  some o f  t h e  above t a s k s .  These s e l e c t e d  c o n d i t i o n s  a r e  
l i s t e d  i n  t a b l e  I V .  
A number o f  i c i n g  c o n d i t i o n s  were s e l e c t e d ,  based upon p r e v i o u s  
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The i c e  and f r o s t  a c c u m u l a t i o n s  on t h e  h e a t  exchanger  f o r  t h e  r u n s  i n  
t a b l e  I V  a r e  ske tched i n  f i g u r e  9. The a c c u m u l a t i o n s  shown were measured a t  
t h e  end o f  these r u n s .  Before and a f t e r  photographs  of t h e  i c e  a c c u m u l a t i o n  
f o r  r u n  5/11 a r e  shown i n  f i g u r e  10. 
The two r u n s  t h a t  s t a n d  o u t  as h a v i n g  t h e  worst f low b l o c k a g e  a r e  r u n s  
7 /11  and 812 ( f i g s .  9 (b)  and ( c ) ,  r e s p e c t i v e l y ) .  The worst b l o c k a g e  o c c u r r e d  
a t  -29 O C  (-20 O F ) .  B u t  t h e  cause of t h i s  wors t -case a c c u m u l a t i o n  was t h e  
f r o s t  t h a t  o c c u r r e d  from t h e  s u p e r s a t u r a t e d  vapor ,  t h o u g h t  t o  be caused by an 
abnormal leakage o f  h o t  humid a i r  from t h e  o u t s i d e .  Run 5/11 ( f i g .  9 ( a ) )  had 
even s m a l l e r  d r o p l e t s  and was j u s t  as c o l d ;  however,  t h a t  r u n  d i d  n o t  have as 
much f r o s t  b lockage because t h e  vapor  was n o t  s u p e r s a t u r a t e d .  F i g u r e  10 shows 
a smal l  p o r t i o n  o f  t h e  ups t ream face of t h e  h e a t  exchanger b e f o r e  and a f t e r  
t h e  i c i n g  o f  r u n  5/11.  The l e a s t  b lockage o c c u r r e d  w i t h  t h e  l a r g e - d r o p - s i z e  
sprays ( e . g . ,  f i g s .  9 (d)  and ( e ) ) .  I n  a l l  cases t h e  i c e  a c c r e t i o n  was w h i t e  
r i m e  i c e  mixed w i t h  a l i t t l e  b i t  of f r o s t  from t h e  v a p o r .  N e a r l y  a l l  accumu- 
l a t i o n  i s  on t h e  l e a d i n g  edge o f  t h e  f i n  sheet  and t h e  l e a d i n g  edges of t h e  
f i rst few tubes .  The l a s t  f o u r  tubes of t h e  e i g h t  i n  l i n e ,  accumulated no i c e  
from t h e  c l o u d  d r o p l e t s  and l i t t l e  frost from t h e  v a p o r .  The t u r n i n g  vanes on  
t h e  downstream f a c e  of t h e  h e a t  exchanger ( f i g s .  2 and 3) a l s o  accumulated o n l y  
a few smal l  pa tches  of f rost .  
A t  t h i s  p o i n t  t h e  d i s c u s s i o n  i s  t e m p o r a r i l y  changed t o  t h e  h e a t  exchanger 
t a s k  o f  removing a l l  of t h e  i c i n g  c l o u d .  To d e t e r m i n e  if any c l o u d  d r o p l e t s  
passed t h r o u g h  t h e  h e a t  exchanger ,  a very f i n e  screen was l o c a t e d  downstream 
o f  t h e  h e a t  exchanger and ups t ream of t h e  s p r a y  b a r s .  The w i r e s  were so t h i n  
and c l o s e l y  spaced t h e y  would c a t c h  any d r o p l e t s  t h a t  made i t  t h r o u g h  t h e  h e a t  
exchanger.  None o f  t h e  worst -case i c i n g  sprays  l i s t e d  i n  t a b l e  I V ,  e x c e p t  one 
e x c e p t i o n a l  r u n  d i s c u s s e d  below,  caused any i c e  (from t h e  s p r a y  d r o p l e t s )  or 
f rost  (from t h e  vapor )  t o  c o l l e c t  on t h e  screen.  I n  o t h e r  words, t h e  h e a t  
exchanger s topped t h e  s p r a y  d r o p l e t s  c o m p l e t e l y .  S u p p o r t i n g  t h i s  c o n c l u s i o n  
were l a s e r  spec t rometer  measurements ( p e r s o n a l  communicat ion w i t h  R .  I d e )  
which r e v e a l e d  t h a t  o n l y  v e r y  smal l  d r o p l e t s  ( l e s s  t h a n  5 pm) pass t h r o u g h  t h e  
h e a t  exchanger and o n l y  when t h e  t e m p e r a t u r e  i s  above about  -2 O C  (28 O F ) .  
D e t a i l e d  i c e  a c c r e t i o n  mass ba lances  on t h e  I R T  were made ( r e f .  2 )  w h i l e  t h e  
h e a t  exchanger measurements were b e i n g  made. These mass ba lances  show t h e  
f r a c t i o n  o f  t h e  t o t a l  c l o u d - d r o p l e t  mass t h a t  t h e  h e a t  exchanger and t h e  o t h e r  
components o f  t h e  I R T  t u n n e l  l o o p  caught .  The h e a t  exchanger removes 
90 p e r c e n t  o f  t h e  10-pm (volume median) c l o u d ,  75 p e r c e n t  o f  t h e  20-pm c l o u d ,  
and 65 p e r c e n t  o f  t h e  30-pm c l o u d .  The two t u r n i n g  vane s e t s  ups t ream o f  t h e  
f a n  and t h e  f a n  b lades  remove most of t h e  b i g  d r o p l e t s  of t h e  s p r a y  d i s t r i b u -  
t i o n ,  wh ich  means t h a t  t h e  s m a l l  sur faces of t h e  h e a t  exchanger have t o  remove 
t h e  r e m a i n i n g  smal l  d r o p l e t s  o f  t h e  s p r a y  d i s t r i b u t i o n .  These r e m a i n i n g  drop-  
l e t s  a r e  so smal l  t h a t  t h e  t u r n i n g  vane ups t ream of t h e  h e a t  exchanger n e v e r  
shows any i c e  a c c r e t i o n  ( i . e . ,  ca tches  no d r o p l e t s ) .  
I n  t h e  one e x c e p t i o n a l  r u n  j u s t  d i s c u s s e d ,  a c o a t i n g  o f  f r o s t  formed on 
t h e  f i n e  screen l o c a t e d  downstream of t h e  h e a t  exchanger ( r u n  8 / 2  i n  t a b l e  I V ) .  
There was so much f ros t  from t h e  vapor  t h a t  t h e r e  was l o o s e  f r o s t  on  t h e  f loor  
downstream o f  t h e  h e a t  exchanger .  However, t h a t  r u n  was abnormal because t h e  
a i r  was s u p e r s a t u r a t e d  w i t h  water  vapor  (as  ev idenced b y  a v i s i b l e  c l o u d  i n  
t h e  t e s t  s e c t i o n ) .  T h i s  excess vapor  was caused by abnormal a i r  leakage i n t o  
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t h e  t u n n e l  o f  t h e  h o t ,  humid a i r  o u t s i d e  t h a t  day.  T h i s  r u n  caused t h e  for -  
m a t i o n  o f  t h e  g r e a t e s t  amount of f rost  on  t h e  h e a t  exchanger s u r f a c e s ,  wh ich  
a d v e r s e l y  combined w i t h  i c e  from t h e  c l o u d  d r o p l e t s  ( f i g .  9 ( c ) ) .  The a i r f l o w  
t h r o u g h  t h e  h e a t  exchanger was n e a r l y  b l o c k e d  i n  l e s s  t h a n  30 min.  (The 
leakage o f  o u t s i d e  a i r  t h r o u g h  bad tunne l -access  door  s e a l s  must be s topped,  
m a i n l y  because p r e s s u r e  tubes  of an unheated p i t o t  t u b e  p l u g  up q u i c k l y  when 
t h e r e  i s  a v i s i b l e  c l o u d  i n  t h e  t e s t  s e c t i o n . )  I t  i s  i n t e r e s t i n g  t h a t  e x c e p t  
when t h e r e  i s  o u t d o o r  a i r  leakage i n t o  t h i s  c l o s e d - l o o p  t u n n e l ,  t h e  I R T  i s  n o t  
n o r m a l l y  t r o u b l e d  by  f r o s t i n g  from t h e  vapor ,  i n  s p i t e  of t h e  i c i n g  c l o u d  spray  
from which some vapor  i s  c o n t i n u a l l y  g e n e r a t e d  by  t h e  e v a p o r a t i o n  o f  t h e  
d r o p l e t s .  
Dew p o i n t  measurements downstream of t h e  h e a t  exchanger and ups t ream of 
t h e  d r o p l e t  s p r a y  b a r s  show t h a t  t h e  r e l a t i v e  h u m i d i t y  t h e r e  s t a y s  a p p r o x i -  
m a t e l y  c o n s t a n t  a t  70 p e r c e n t  n o  m a t t e r  what t h e  a i r s p e e d  or tempera ture ,  
e s p e c i a l l y  a f t e r  t h e  first i c i n g  s p r a y  r u n .  
d r o p l e t  mass i s  evapora ted  and t h a t  t h e  r e l a t i v e  h u m i d i t y  i n  t h e  t e s t  s e c t i o n  
i s  e s s e n t i a l l y  100 p e r c e n t  ( r e f .  1 ) .  The absence of a f r o s t i n g  b lockage prob-  
lem i n  t h e  I R T  i s  p r o b a b l y  l a r g e l y  due t o  t h e  f a c t  t h a t  c o l d  a i r  can h o l d  v e r y  
l i t t l e  vapor  mass compared t o  warm a i r .  Another  reason i s  t h a t  t h e  d e s i g n e r s  
o f  t h e  I R T  h e a t  exchanger s e l e c t e d  a wide f i n  s p a c i n g  (3 f i n s l i n . )  t o  p r e v e n t  
t h e  h e a t  exchanger from becoming b l o c k e d  w i t h  f ros t .  
exchanger s e l e c t i o n  upon e x p e r i e n c e  w i t h  r e f r i g e r a t i o n  h e a t  exchangers i n  meat- 
pack ing  p l a n t s ,  which a r e  always sub jec ted  t o  warm humid a i r  (documents i n  I R T  
h i s t o r i c a l  f i l e ,  c .  1943 t o  1945).  
C a l c u l a t i o n s  show t h a t  v e r y  l i t t l e  
They based t h e i r  h e a t  
Pressure  d r o p .  - The p r e s s u r e  d r o p  a c r o s s  t h e  h e a t  exchanger w i l l  i n c r e a s e  
as i c e  a n d / o r  f r o s t  accumulate on  t h e  h e a t  exchanger s u r f a c e s .  The accumula- 
t i o n  i s  m a i n l y  on  t h e  l e a d i n g  edges o f  t h e  f i n  sheet  and t h e  f i rs t  few r e f r i g -  
e r a n t  t u b e s .  F i g u r e  1 1  shows how t h e  f low loss c o e f f i c i e n t  K ( d e f i n e d  by  
eq. ( 1 ) )  i n c r e a s e s  w i t h  c o r r e c t e d  t i m e  f o r  t h e  severe  i c i n g  c o n d i t i o n s  j u s t  
d e s c r i b e d .  I n  these t e s t s ,  t h e  f a n  speed (rpm) was i n c r e a s e d  as i c e  accumu- 
l a t e d  t o  m a i n t a i n  t h e  same a i r  mass f low t h r o u g h  t h e  h e a t  exchanger .  C o r r e c t e d  
t i m e s  zC 
compared a t  t h e  same incoming d r o p l e t  mass ( i . e . ,  (LWC)(V>(z> = c o n s t a n t ) .  
a r e  used so t h a t  each i c i n g  r u n  w i t h  d i f f e r e n t  i c i n g  c o n d i t i o n s  i s  
.z (LWC)VX v x  z =  
C ( L w c ) r e f  r e f  r e f  
(10) 
where t h e  r e f e r e n c e  c o n d i t i o n s  a r e  (LWC)ref = 1.36 g/m3, Vref  = 240 km/hr 
(150 mph), and X r e f  = 0.85.  The t e r m  X i s  t h e  f r a c t i o n  o f  c l o u d  mass t h a t  
reaches t h e  h e a t  exchanger because i t  was n o t  caught  by  t h e  t u n n e l  components 
upst ream ( r e f .  2 ) .  
N o t i c e  t h a t  a l l  o f  t h e  d a t a  i n  f i g u r e  1 1  share  t h e  same change i n  K p e r  
u n i t  c o r r e c t e d  t i m e  ( i . e . ,  same s l o p e ) ,  e x c e p t  f o r  one p o i n t .  The p r e s s u r e  
d r o p  i n c r e a s e d  d r a m a t i c a l l y  a f t e r  t h e  24-min ( c o r r e c t e d  t i m e )  d a t a  p o i n t  o f  
r u n  8 / 2  because t h e  h e a t  exchanger became n e a r l y  p lugged w i t h  i c e  and f r o s t  
(as  d e p i c t e d  i n  f i g .  9 ( c > > .  As s a i d  p r e v i o u s l y ,  t h i s  r u n  was n o t  t y p i c a l  
because t h e  r a p i d  p l u g g i n g  was m a i n l y  caused by  f r o s t  from t h e  l a r g e  amount o f  
vapor  t h a t  leaked i n t o  t h e  t u n n e l .  N e v e r t h e l e s s ,  a l l  i c i n g  r u n s  w i l l  even- 
t u a l l y  cause t h e ' h e a t  exchanger t o  p l u g  up, and t h e  p r e s s u r e  d r o p  w i l l  t h e n  
r i s e  d r a m a t i c a l l y .  Exper ience has shown t h a t  even a l o n g  e v e n i n g  o f  severe  
i c i n g  w i l l  n o t  cause t h e  I R T  h e a t  exchanger t o  come c l o s e  t o  p l u g g i n g  up. 
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B e f o r e  t h e  h e a t  exchanger i s  c l o s e  t o  p l u g g i n g  up, t h e  tempera tures  downstream 
o f  t h e  h e a t  exchanger become u n a c c e p t a b l y  nonuni form a c r o s s  t h e  d u c t  ( i . e . ,  
more t h a n  21 O C  ( 2 2  O F ) ) .  T h i s  e x c e s s i v e  n o n u n i f o r m i t y  o c c u r r e d  o n l y  f o r  t h a t  
n e a r l y  p lugged d a t a  p o i n t  o f  r u n  812. 
Heat t r a n s f e r .  - The e f f e c t  of i c i n g  and f r o s t  a c c u m u l a t i o n  on  t h e  h e a t  
exchanger thermal  per formance i s  shown i n  f i g u r e s  12 and 13. These f i g u r e s  
c o n t a i n  a p l o t  o f  t h e  d a t a  f o r  one i c i n g  r u n  ( r u n  5 / 1 1 > .  T h i s  r u n  i s  f a i r l y  
t y p i c a l  o f  t h e  r e s u l t s  f o r  t h e  o t h e r  wors t -case i c i n g  c o n d i t i o n s  ( t a b l e  I V ) .  
F i g u r e  12 shows t h a t  t h e  fan speed (rpm) and power consumpt ion were i n c r e a s e d  
i n  o r d e r  t o  m a i n t a i n  a c o n s t a n t  a i r s p e e d  i n  t h e  t e s t  s e c t i o n  ( i . e . ,  c o n s t a n t  
a i r  mass f low) .  The f a n  b l a d e s  and t u r n i n g  vanes of t h e  I R T  accumula te  i c e ,  
wh ich  reduces t h e i r  aeroperformance and r e q u i r e s  a g r e a t e r  f a n  speed (rpm) and 
power consumpt ion.  T h i s ,  i n  t u r n ,  r e q u i r e d  an i n c r e a s e  i n  t h e  amount o f  h e a t  
removed by t h e  h e a t  exchanger.  To m a i n t a i n  a c o n s t a n t  a i r  t e m p e r a t u r e  down- 
s t ream o f  t h e  h e a t  exchanger ,  t h e  h e a t  removal  was i n c r e a s e d  by l o w e r i n g  t h e  
Freon c o o l a n t  tempera ture  i n  t h e  h e a t  exchanger tubes  ( f i g .  13 ) .  The i c i n g  and 
f r o s t i n g  decreased t h e  thermal  conductance o f  t h e  h e a t  exchanger UA wh ich  
r e q u i r e d  an even g r e a t e r  r e d u c t i o n  i n  t h e  Freon tempera ture  TF t o  compen- 
s a t e .  
a i r  t e m p e r a t u r e  ( i . e . ,  t e s t  s e c t i o n  t o t a l  a i r  t e m p e r a t u r e )  by a d j u s t i n g  t h e  
r e f r i g e r a n t  tempera ture  ( ! .e . ,  t h e  p r e s s u r e  i n  t h e  f l a s h  c o o l e r ) .  A t  t h e  
h i g h e r  a i r  tempera tures  and a t  low a i r s p e e d s ,  t h e y  f i n d  i t  h e l p f u l  to  add steam 
h e a t  t o  t h e  t u r n i n g  vanes ( f i g .  1 )  i n  o r d e r  t o  p r o v i d e  a min ima l  l o a d  f o r  t h e  
r e f r i  g e r a t  i o n  p l  a n t .  
The r e f r i g e r a t i o n  o p e r a t o r s  m a n u a l l y  m a i n t a i n  t h e  r e q u i r e d  downstream 
O p e r a t i n g  L i m i t s  o f  t h e  I R T  R e f r i g e r a t i o n  System and Proposed Improvements 
The o p e r a t  ng l i m i t s  o f  t h e  I R T  r e f r i g e r a t i o n  system a r e  c h a r a c t e r i z e d  by 
t h e  maximum and minimum a i r  tempera tures  t h a t  can be a t t a i n e d  and h e l d  u n i f o r m  
a c r o s s  t h e  t e s t  s e c t i o n .  I n  most i n s t a n c e s  t h e  a i r  tempera tures  s t a y  u n i f o r m  
w i t h i n  21 /2  O C  21 O F )  up t o  a t o t a l  t e m p e r a t u r e  o f  -2 O C  (28  O F )  and down t o  
-30 OC (-22 O F )  f o r  a i r s p e e d s  above a p p r o x i m a t e l y  130 km/hr (80 mph). The I R T  
was once t e s t e d  down t o  -45 O C ;  however, tempera tures  below -25 O C  (-15 O F )  a r e  
r a r e l y  r e q u i r e d  for i c i n g  t e s t s .  An e x p e r i e n c e d  o p e r a t o r  on t h e  m a n u a l l y  con- 
trolled refrigeration system can usually attain in a reasonable time a uniform 
t e m p e r a t u r e  fo r  t o t a l  tempera tures  up t o  -2 O C  (28  O F )  or f o r  a i r s p e e d s  down t o  
40 km/hr (25 mph, t h e  f a n  i d l e  speed).  Such per formance i s  i m p o s s i b l e  on  h o t  
humid days because t h e  h e a t  r e j e c t i o n  from t h e  c o o l i n g  towers  i s  g r e a t l y  
d i  m i  n i  shed. 
The h e a t  exchanger c o n f i g u r a t i o n  was s e l e c t e d  b y  t h e  IRT d e s i g n e r s  because 
t h e  p r e s s u r e  d r o p  would i n c r e a s e  o n l y  slowly i n  severe i c i n g  and f r o s t i n g  con- 
d i t i o n s .  Fur thermore ,  e v e r y  e f f o r t  was made t o  ensure t h a t  t h e  h e a t  exchanger  
i c e d  up u n i f o r m l y  so t h a t  t h e  a i r f l o w  and a i r  t e m p e r a t u r e  would r e m a i n  u n i f o r m .  
The h e a t  exchanger d e s i g n e r s  a t  C a r r i e r  C o r p o r a t i o n  ( c .  1943) were v e r y  suc- 
c e s s f u l ;  t h e  usua l  n o n u n i f o r m i t y  o f  2112 O C  (21 O F )  i n c r e a s e d  t o  no worse t h a n  
21 O C  (22  O F )  a f t e r  a l o n g  p e r i o d  o f  severe i c i n g .  
One o b v i o u s  q u e s t i o n  i s ,  How c l o s e l y  and u n i f o r m l y  does t h e  a i r  tempera- 
t u r e  have t o  be c o n t r o l l e d  and r e p e a t a b l e  i n  o r d e r  t o  do q u a l i t y  r e s e a r c h  i n  
an i c i n g  t u n n e l ?  I c e  shapes and t h e i r  r e s u l t i n g  d r a g  p e n a l t y  a r e  t h e  most 
s e n s i t i v e  t o  any e r r o r  i n  a i r  tempera ture .  F i g u r e  14 c o n t a i n s  d a t a  measured 
1 1  
i n  t h e  I R T  wh 
when o n l y  t h e  
change v e r y  1 
ch  shows how t h e  i c e  shape and r e s u l t i n g  d r a g  c o e f f  
a i r  t e m p e r a t u r e  i s  changed. The i c e  shape and d r a g  
t t l e  when r i m e  or near - r ime i c e  a r e  formed.  When q 
c i e n t  change 
c o e f  f i c i en t 
aze i c e  i s  
formed t h e  d r a g  c o e f f i c i e n t  changes r a p i d l y  w i t h  tempera ture ;  he;e i s  where 
c l o s e  tempera ture  c o n t r o l  may be needed. F o r  compar ison,  t h e  2 1 / 2  O C  and 21 O C  
e r r o r  and n o n u n i f o r m i t y  bands a r e  i n d i c a t e d  i n  t h e  f i g u r e .  The c l o s e  temper- 
a t u r e  c o n t r o l  and u n i f o r m i t y  t h a t  t h e  I R T  can a c h i e v e  appear t o  be necessary  
w i t h  g l a z e  i c e ,  b u t  n o t  f o r  r i m e  i c e .  
There i s  no  e x t e r n a l  c o n t r o l  of t e m p e r a t u r e  u n i f o r m i t y .  N e v e r t h e l e s s ,  
e x p e r i e n c e d  r e f r i g e r a t i o n  s y s t e m  o p e r a t o r s  can r a p i d l y  a c h i e v e  a new a i r  tem- 
p e r a t u r e  t h a t  i s  u n i f o r m ;  i n e x p e r i e n c e d  o p e r a t o r s  o f t e n  r e q u i r e  a l o n g  t i m e  t o  
a t t a i n  u n i f o r m i t y .  How can t h e  o p e r a t o r  have such an e f f e c t  o n  t e m p e r a t u r e  
u n i f o r m i t y  when he can o n l y  c o n t r o l  t h e  p r e s s u r e  i n  t h e  f l a s h  c o o l e r ?  The 
w r i t e r s  b e l i e v e  t h e  reason may be s h o r t - t e r m  n o n u n i f o r m  b o i l i n g  and f low i n  
t h e  e i g h t  h e a t  exchanger u n i t s  wh ich  can p e r s i s t  for a l o n g  t i m e .  
t r a n s i e n t  can be g r e a t l y  reduced if t h e  o p e r a t o r  i n s t i n c t i v e l y  fol lows some 
i d e a l  p r e s s u r e - t i m e  schedu le  for t h e  c o n d i t i o n s  ( e . g . ,  t h e  d e s i r e d  a i r  temper- 
a t u r e ,  t h e  c o o l i n g  l o a d ,  t h e  i c i n g  and f r o s t i n g  c o n d i t i o n s  o f  t h e  h e a t  
exchanger ,  and t h e  o u t s i d e  a i r  t e m p e r a t u r e  and h u m i d i t y ) .  An a u t o m a t i c  r e f r i -  
g e r a t i o n  c o n t r o l l e r  u s i n g  an a r t i f i c i a l  i n t e l l i g e n c e  program would p r o b a b l y  be 
h e l p f u l  when i n e x p e r i e n c e d  r e f r i g e r a t i o n  p l a n t  o p e r a t o r s  a r e  used. 
T h i s  t i m e  
A number o f  improvements have been i n c o r p o r a t e d  i n t o  t h e  r e f r i g e r a t i o n  
system and o p e r a t i n g  procedures  i n  t h e  l a s t  few y e a r s .  One o f  t h e s e  improve-  
ments i s  t h e  i n s t a l l a t i o n  o f  a modern c o m p u t e r - c o n t r o l l e d  a u t o m a t i c  c o n t r o l  
system w i t h  a manual o v e r r i d e .  I t  i s  expec ted  t h a t  t h i s  new system w i l l  r e s u l t  
i n  more r a p i d  tempera ture  c o n t r o l  w h i l e  m a i n t a i n i n g  u n i f o r m  t e m p e r a t u r e s .  
I n c r e a s e d  a i r  tempera tures  a r e  n e c e s s a r y  so t h a t  i n c i p i e n t - f r e e z i n g  i c i n g  con- 
d i t i o n s  can be i n v e s t i g a t e d .  To a c c o m p l i s h  t h i s  t a s k ,  f u t u r e  improvements have 
been proposed t h a t  i n v o l v e  r e b u i l d i n g  t h e  r e f r i g e r a t i o n  compressors so t h a t  
t h e y  can r e a c h  h i g h e r  s u c t i o n  and d i s c h a r g e  p r e s s u r e s  and u s i n g  t h e  d e f r o s t i n g  
system t o  e f f e c t i v e l y  bypass t h e  c o o l i n g  by  t h e  economizer .  R a i s i n g  t h e  AT 
by  a steam h e a t  exchanger,  or exchang ing  o u t s i d e  a i r  wou ld  be a n o t h e r  way. 
The proposed f u t u r e  h igh-speed i n s e r t  f o r  t h e  I R T  w i l l  r e q u i r e  even h i g h e r  a i r  
tempera tures  t o  a t t a i n  i n c i p i e n t  f r e e z i n g .  The i n s e r t  w i l l  r e q u i r e  a d d i t i o n a l  
improvements t o  t h e  r e f r i g e r a t i o n  s y s t e m ,  such as a d i f f e r e n t  r e f r i g e r a n t  
f l u i d .  
An I R T  Type o f  Heat Exchanger Used i n  t h e  Proposed A l t i t u d e  Wind Tunnel  
I n  t h i s  s e c t i o n  t h e  number of I R T  h e a t  exchanger u n i t s  w i l l  be i n c r e a s e d  
a n a l y t i c a l l y  to  f i l l  t h e  much l a r g e r  d u c t  o f  t h e  ANT. 
geometry  would be e x a c t l y  t h e  same as t h e  o l d  AWT h e a t  exchanger .  I n  o t h e r  
words,  t h e  c o n f i g u r a t i o n  ske tched i n  f i g u r e  2 w i l l  be t h e  same e x c e p t  t h a t  
t h e r e  w i l l  be many more z i g z a g  f o l d s  t h a n  i n  t h e  I R T .  
i s ,  W i l l  t h i s  l a r g e r  h e a t  exchanger face a r e a  meet t h e  AWT r e q u i r e m e n t s  f o r  
p r e s s u r e  d r o p  and h e a t  t r a n s f e r  for d r y  a i r  and f o r  severe i c i n g  c o n d i t i o n s ?  
These scaled-up r e s u l t s  w i l l  be compared w i t h  e q u i v a l e n t  e x p e r i m e n t a l  r e s u l t s  
f o r  t h e  nominal  AWT h e a t  exchanger t h a t  were r e p o r t e d  by  Cubbison,  Newton and 
Schabes. ( T o t a l  Pressure  Loss Across t h e  I c i n g  Research Tunnel C o o l e r  f o r  T e s t  
S e c t i o n  A i rspeeds o f  75 t o  250 mph. I n t e r n a l  Repor t ,  I c i n g  Research Tunne l ,  
NASA Lewis Research C e n t e r ,  C l e v e l a n d ,  O h i o . )  
The h e a t  exchanger  f o l d  
The q u e s t i o n  b e i n g  asked 
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Pressure  Drop f o r  Dry A i r .  - The maximum p r e s s u r e  d r o p  f o r  t h e  AWT w i t h  
d r y  a i r  can be c a l c u l a t e d  b.y u s i n g  t h e  flow l o s s  c o e f f i c i e n t  K t h a t  was meas- 
u r e d  f o r  t h e  I R T  h e a t  exchanger .  -Measured K was found t o  be independent  o f  
f low; average K was f o u n d  t o  be 3.83. The maximum p r e s s u r e  d r o p  t h a t  would 
o c c u r  a t  t h e  maximum a i r  mass flow expected  for t h e  AWT, can be c a l c u l a t e d  from 
e q u a t i o n  ( l ) ,  which  i s  w r i t t e n  h e r e  a g a i n  as 
( 1 1 )  
For t h e  maximum mass f low i n  t h e  ANT, m = 4990 k g / s e c  ( 1 1  000 l b / s e c > ,  t h e  
v e l o c i t y  t h r o u g h  t h e  15.2-m ( 5 0 - f t )  d i a m e t e r  h e a t  exchanger d u c t  ups t ream o f  
t h e  t e s t  s e c t i o n  would be 88 km/hr  (55 mph). The v e l o c i t y  t h r o u g h  each s e c t i o n  
of t h e  f o l d e d  I R T  h e a t  exchanger would be o n l y  24 km/hr  (15  mph). The p r e s s u r e  
d r o p  a c r o s s  t h i s  AWT h e a t  exchanger a t  t h e  maximum a i r  mass f low would be 
14.5 cm ( 5 . 7  i n )  o f  w a t e r .  T h i s  p r e s s u r e  d r o p  i s  be low t h e  goa l  o f  15 cm 
( 6  i n )  o f  w a t e r .  
Thermal per formance f o r  d r y  a i r .  - The o v e r a l l  h e a t  t r a n s f e r  p e r  deg C, 
UA was measured f o r  t h e  I R T  h e a t  exchanqer and p l o t t e d  i n  f i q u r e  7 a s a i n s t  
Reynolds number. The maximum UA needed fo r  t h e  AWT i s  1400 k i l ° C  ( 2 . 7 ~ 1 0 6  
B t u / h r  O F ) ,  wh ich  o c c u r s  a t  an a i r  mass f low o f  2490 k g / s e c  (5484 l b / s e c ) .  
The Reynolds number f o r  t h e  mdximum d u c t  a i r s p e e d  f o r  t h e  I R T  h e a t  exchanger 
c o n f i g u r a t i o n  i n s t a l l e d  i n  t h e  15.2-m ( 5 0 - f t )  d i a m e t e r  d u c t  o f  t h e  ANT i s  9800. 
A t  t h a t  maximum Reynolds number t h e  maximum UA for t h e  s i z e  o f  t h e  I R T  h e a t  
exchanger would be 660 kW/OC ( 1 . 2 5 ~ 1 0 6  B t u / h r  O F ) .  
d i a m e t e r  d u c t  where t h e  h e a t  exchanger would be i n s t a l l e d  i s  2 . 7  t i m e s  l a r g e r  
t h a n  t h e  d u c t  o f  t h e  I R T  h e a t  exchanger .  T h e r e f o r e ,  t h e  UA f o r  t h e  I R T  h e a t  
exchanger e n l a r g e d  t o  f i t  i n  t h e  AWT would be 20 p e r c e n t  l a r g e r  t h a n  t h e  maxi-  
mum UA r e q u i r e d .  
B u t  t h e  15.2-m ( 5 0 - f t )  
These v a l u e s  o f  p r e s s u r e  d r o p  and UA f o r  t h e  I R T  h e a t  exchanger s e c t i o n s  
f i t t e d  i n t o  t h e  AWT a r e  now compared w i t h  t h e  v a l u e s  f o r  t h e  nominal  AWT h e a t  
exchanger t h a t  were measured i n  r e f e r e n c e  3 .  That  nominal  h e a t  exchanger  was 
f i t t e d  i n t o  a l a r g e r  d u c t  ( i . e . ,  a b l i s t e r )  t o  i n c r e a s e  t h e  o v e r a l l  f a c e  a r e a  
of t h a t  s t r a i g h t  t h r o u g h  h e a t  exchanger .  The measured d r y - a i r  p r e s s u r e  d r o p  
was e x a c t l y  t h e  same as t h e  p r e s s u r e  d r o p  f o r  t h e  I R T  h e a t  exchanger  when b o t h  
were s c a l e d  t o  t h e  maximum mass f low. A c t u a l l y ,  t h e  nominal  h e a t  exchanger 
has a somewhat l a r g e r  p r e s s u r e  d r o p  when you i n c l u d e  t h e  p r e s s u r e  d r o p  caused 
b y  t h e  a r e a  change o f  t h e  b l i s t e r .  The maximum d r y  a i r  UA was a l s o  e x a c t l y  
t h e  same as t h e  I R T  h e a t  exchanger a f t e r  a p p r o p r i a t e  s c a l i n g .  On t h e  n e g a t i v e  
s i d e ,  t h e  I R T  h e a t  exchanger may c o s t  more t o  f a b r i c a t e  t h a n  t h e  nominal  ANT 
h e a t  exchanger c o n f i g u r a t i o n .  
:. - An a t t e m p t  was made t o  a n a l y t i c a l l y  com- 
Dare t h e  i c i n q  r e s u l t s  observed h e r e i n  for  t h e  f u l l  I R T  h e a t  exchanqer w i t h  
t h e  i c i n g  r e s ; l t s  r e p o r t e d  i n  r e f e r e n c e  3 for a s m a l l  sample o f  t h e - n o m i n a l  
AWT h e a t  exchanger .  U n f o r t u n a t e l y  t h i s  c o u l d  n o t  be accompl ished w i t h  s u f f i -  
c i e n t  accuracy  because t h e  e x p e r i m e n t a l  c o n d i t i o n s  were n o t  s u f f i c i e n t l y  com- 
p a r a b l e .  I t  t u r n s  o u t  t h a t  a q u a n t i t a t i v e  compar ison i s  n o t  r e q u i r e d  anyway. 
Reference 3 n o t e d  t h a t  t h e  AWT h e a t  exchanger p l u g g e d  up v e r y  q u i c k l y  from 
f r o s t  (from t h e  v a p o r )  and i c i n g  (from t h e  c l o u d  d r o p l e t s ) .  I n  c o n t r a s t ,  t h e  
I R T  h e a t  exchanger k e p t  on c o o l i n g  and m a i n t a i n i n g  a u n i f o r m  t e m p e r a t u r e  under  
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e x t r e m e l y  s e v e r e  i c i n g  and f r o s t i n g  c o n d i t i o n s .  These o b s e r v a t i o n s  r e i n f o r c e  
t h e  f a c t  t h a t  t h e  AWT hea t  exchanger shou ld  have f o l l o w e d  t h e  s t a n d a r d  d e s i g n  
r e q u i r e m e n t  f o r  hea t  exchangers s u b j e c t  t o  severe  f r o s t i n g  (e .g . ,  f o o d  s t o r a g e  
a p p l i c a t i o n s > -  use a wide f i n  spac ing  ( 3  or 4 f i n s  pe r  i n c h ) .  The nominal  AWT 
hea t  exchanger was t o  be b u i l t  w i t h  e i g h t  f i n s  pe r  i n c h  w h i l e  t h e  I R T  h e a t  
exchanger uses f o u r  f i n s  pe r  i n c h .  
CONCLUDING REMARKS 
Measurements w e r e  made o f  t h e  p r e s s u r e  d rop  and thermal  per formance o f  
t h e  r e f r i g e r a t i o n  hea t  exchanger i n  t h e  NASA I c i n g  Research Tunnel ( I R T )  under  
severe i c i n g  and f r o s t i n g  c o n d i t i o n s  and a l s o  w i t h  d r y  a i r .  
The I R T  hea t  exchanger and r e f r i g e r a t i o n  s y s t e m  i s  a b l e  t o  c o o l  t h e  a i r  
pass ing  th rough  the  t e s t  s e c t i o n  down t o  a t  l e a s t  a t o t a l  a i r  tempera ture  of  
-30 O C  ( w e l l  be low t h e  r e q u i r e m e n t s  o f  i c i n g )  and u s u a l l y  up t o  -2 O C .  I t  
i n h e r e n t l y  m a i n t a i n s  a u n i f o r m  t e m p e r a t u r e  ac ross  t h e  t e s t  s e c t i o n  w i t h i n  about  
+ 1 / 2  O C  a t  a l l  a i r s p e e d s .  O b t a i n i n g  a u n i f o r m  t e m p e r a t u r e  i s  more d i f f i c u l t  
and t i m e  consuming a t  h i g h e r  a i r  t e m p e r a t u r e s  (nea r  0 O C ) ,  a t  low a i r s p e e d s ,  
and when t h e  c o o l i n g  towers a r e  l e s s  e f f e c t i v e  on h o t  and humid days.  
Ex tens i ve  a d d i t i o n a l  measurements i n d i c a t e  t h a t  t h e  v e r y  smal l  s u r f a c e s  
on t h e  hea t  exchanger p r e v e n t  t h e  i c i n g  c l o u d  from p a s s i n g  th rough  and r e e n t e r -  
i n g  t h e  t e s t  s e c t i o n .  The o r i g i n a l  d e s i g n e r s  of t h e  I R T  r e c o g n i z e d  t h a t  t h e  
hea t  exchanger would be t h e  m a j o r  p r e s s u r e  d r o p  component; a c c o r d i n g l y ,  t h e y  
des igned a hea t  exchanger c o n f i g u r a t i o n  t h a t  shou ld  n o t  be a d v e r s e l y  a f f e c t e d  
by severe i c i n g .  
The e f f e c t  o f  severe  i c i n g  on t h e  p r e s s u r e  d rop  and the rma l  per fo rmance 
o f  t h e  hea t  exchanger was measured. The worst -case i c i n g  n e a r l y  t r i p l e d  t h e  
p r e s s u r e  drop ,  r e q u i r i n g  t h e  f a n  speed t o  be i n c r e a s e d  t o  m a i n t a i n  a c o n s t a n t  
a i r s p e e d  i n  t h e  t e s t  s e c t i o n .  
u n i f o r m l y  enough t h a t  t h e  t e m p e r a t u r e  u n i f o r m i t y  was no worse than  about  
21 o c .  
D u r i n g  t h i s  t e s t  t h e  h e a t  exchanger i c e d  up 
The o v e r a l l  c o n c l u s i o n  i s  t h a t  t h e  h e a t  exchanger t h a t  c o o l s  t h e  I R T ,  
which was b u i l t  more than  40 y e a r s  ago, i s  a s o p h i s t i c a t e d  d e s i g n  w i t h  superb 
per formance.  The c l o s e  t e m p e r a t u r e  c o n t r o l  and u n i f o r m i t y  o f  t h e  I R T  appears 
t o  be necessary  f o r  i c e  a c c r e t i o n  r e s e a r c h .  
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APPEFIDIX - SYMBOLS 
c r o s s  s e c t i o n a l  a r e a  of d u c t  where h e a t  exchanger i s  i n s t a l l e d ,  m2 
c r o s s  s e c t i o n a l  a r e a  of t h e  t e s t  s e c t i o n ,  m2 
s p e c i f i c  h e a t  of a i r ,  W-sec/k.g-OC 
h y d r a u l i c  d i a m e t e r  of h e a t  exchanger a i r  passages between t u b e s ,  m 
f low c o e f f i c i e n t  d e f i n e d  by eq. ( 1 ) .  ND 
l o g  mean tempera ture  d i f f e r e n c e  d e f i n e d  b y  eq. (6), O C  
l i q u i d  water  c o n t e n t ,  g/m3 
median volume d r o p  s i z e ,  pm 
a i r  mass f low t h r o u g h  t h e  h e a t  exchanger ,  k g / s e c  
p r e s s u r e  ( s a t u r a t i o n )  i n  t h e  f l a s h  c o o l e r ,  N/m2 
p r e s s u r e  d r o p  across  t h e  h e a t  exchanger ,  N/m2 or  cm o f  H20 
h e a t  removed from t h e  a i r  by  t h e  h e a t  exchanger ,  eq.  ( 5 ) ,  W 
Reynolds number based o n  t h e  l h y d r a u l i c  d i a m e t e r ,  eq.  (9) 
average a i r  tempera ture  downstream of t h e  h e a t  exchanger ,  O C  
tempera ture  of t h e  s a t u r a t e d  Freon i n  t h e  f l a s h  c o o l e r ,  O C  
average a i r  tempera ture  upst ream o f  t h e  h e a t  exchanger ,  O C  
w a l l  tempera tures  of Freon tubes  t h a t  make up h e a t  exchanger ,  O C  
t e m p e r a t u r e  d r o p  a c r o s s  t h e  h e a t  exchanger ,  eq. (31 ,  O C  
o v e r a l l  h e a t  t r a n s f e r  p e r  u n i t  t e m p e r a t u r e  o f  a i r  coo led ;  W / O C  
a i r s p e e d  t h r o u g h  t h e  h e a t  exchanger d u c t ,  m/sec 
a i r s p e e d  i n  t h e  t e s t  s e c t i o n ,  m/sec 
f r a c t i o n  of t h e  c l o u d  mass sprayed t h a t  reaches t h e  h e a t  exchanger  
c o r r e c t e d  t i m e ;  eq. ( l o ) ,  min 
dynamic v i s c o s i t y  of a i r ,  kg/sec-m 
a i r  d e n s i t y ,  km/m3 
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TABLE I. - TUBES AND F I N S  OF I C I N G  RESEARCH TUNNEL ( I R T )  AND 
PROPOSED NOMINAL ALTITUDE WIND TUNNEL (AWT) HEAT EXCHANGERS 
I R T  hea t  exchanger 
Ma te r i  a1 
D i a m e t e r ,  cm 
Wall t h i c k n e s s ,  cm 
F ins  : 
Arrangement 
M a t e r i a l  
Thickness, cm ( i n . )  
Number per  i n c h  
Copper 
0.95 
.12 
Cont inuous sheet  
Galvanized s t e e l  
0.078 (0.032) 
3 
TABLE 11. - 
I D e s c r i p t i o n s  
C o n f i g u r a t i o n  and 
1 o c a t  i on 
Duct area, in2 
Face area,  m2 
Minimum f l o w  area, m2 
A c t i v e  tube l e n g t h ,  m 
Nominal AWT 
hea t  exchanger 
~~ 
6 tubes, s taggered 
( e q u i l a t e r a l  t r i a n g l e ,  
6.4cm) 
Copper 
2.5 
0.21 
C i r c u l a r  (1 .6 cm h i g h )  
Copper 
0.041 (0.016) 
8 
OVERALL DIMENSIONS OF HEAT EXCHANGERS 
I R T  f o l d e d  
hea t  exchanger 
I RT-type hea t  
exchanger for 
use i n  AWT 
Nominal AWT 
hea t  exchanger 
Folded W 
72.8 
259 
176 
53 900 
Same as I R T ,  
b u t  more f o l d s  
and s e c t i o n s  
190 
a652 
a443 
a136 500 
Cross flow i n  
b l  i s t e r  b e f o r e  
co rne r  3 
a365 
a340 
al 82 
a24 800 
aAssumes 93 pe rcen t  o f  duc t  area i s  f i l l e d  w i t h  hea t  exchanger sec- 
t i o n s ,  which i s  t h e  same as t h e  o l d  AWT hea t  exchanger. 
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TABLE 111. ~ DRY-AlR PEE'FOHMNCt DATA FOR I R T  HEAT EXCHANGLR 
- 
Pressure drop 
APH, 
an H20 
- 
0.56 
2.1 
A i r  t q e r a t u r e ,  
O C  
Freon 
tenperature, 
TF * 
O C  
Reynolds 
n & x r  
Re 
Heat 
removed, 
Q, 
kw 
Overall heat 
t rans fer  per 
u n i t  tenper- 
a tu re  o f  a i r  
cooled, 
UA, 
kW/OC 
Log mean 
tenperature 
di  f Ference 
LUTO, 
O C  
b S S  
flow, 
m, 
kg/sec 
Run Airspeed, 
"1 * 
km/hr 
L o s s  
coef f  i - 
cient,  
K 
-14.5 
-17.5 
3.54 
3.5 
4558 
8980 
1009 
3200 
81 1 
669 
1.3 
4.8 
452 
882 
130 
753 
7 78 
805 
- 8.0 
-17.0 
-27.0 
-36.0 
3.29 
2.89 
2.8 
3.08 
~~ ~ 
2644 
2523 
2606 
3145 
3.9 
4.0 
5.6 
6.0 
7 160 
7604 
80 74 
8588 
4558 
6072 
7596 
1.4 
1.3 
1.3 
1.4 
0.57 
.99 
1.5 
0.61 
1.5 
0.64 
1.1 
1.7 
- 
- 
685 
632 
469 
516 
- -  
_- 
- .- 
5/11 402 
3.62 
3.53 
3.47 
452 
603 
152 
452 
152 
3.86 
3.53 
4558 
1596 
2017 
3992 
364 
4 74 
5.6 
8.4 
-17.8 
-20.4 
-17.4 
-17.8 
-19.3 
4.01 
3.88 
3.82 
4563 
6084 
7604 
4.6 
5.1 
6.8 
452 
603 
754 
7/11 241 
322 
402 35 76 
2145 422 
3992 448 
- 1 7 . 7  
-20.8 
3.11 
3.47 
4563 
7596 
5.2 
8.9 
452 
752 
0.6 
1.5 
0.53 
no data 
I 434 
-12.4 - 8.3 
-17.8 -12.8 
-17.8 -15.0 
-17.2 -13.3 t -16.7 -11.9 -17.8 -14.4 -18.8 6.1 3.37 no data I 4563 8694 8536 8536 2366 2360 450 846 830 830 230 230 -24.4 -24.6 -23.7 -21.5 -22.3 6.8 6.3 5.2 3.8 5.6 2 783 2319 448 900 237 1091 
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r AIR EXCHANGE DOORS 
,/' (ALWAYS CLOSED FOR 
ICING TESTS) 
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' HEATED 
TURNING 
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FIGURE 1. - SCHEMATIC OF ICING RESEARCH TUNNEL SHOWING INSTRUENTATION USED I N  REFRIGERATION HEAT EXCHANGER TEST. 
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2.5 CM 
AIRFLOW - 
VANES 
FIGURE 3. - F I N  SHEETS, TUBES, AND TURNING VANES. 
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4-STAGE COMPRESSOR 
,- HEADER FOR 13 CWRESSOR- 
’ CONDENSER-ECONONIZER LOOPS 
FLASHED VAPOR 
(SEVERAL STAGES) 
HEAT EXCHANGER UNITS 
P 
,Q 
- 6  
-L ‘L PREADJUSTED & 
OR I F  ICES 
FIGURE 4.  - SIRI’LIFIED REFRIGERATION LOOPS. 
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FIGURE 5. - REFRIGERATION PLANT CONSISTING OF 13 COMPRESSORS ON EITHER SIDE OF FLASH 
COOLER. 
VELOCITY PROFILES 
0 UPSTREAM OF HEAT EXCHANGER 
0 DOWNSTREAM OF HEAT EXCHANGER 
DOWNSTREAM OF DOWNSTREAM 
TURNING VANES 
~ ~~ 
20 30 40 
VELOCITY. KWHR 
FIGURE 6 .  - VERTICAL CENTER-PLANE VELOCITY PROFILE UPSTREAM AND 
DOWNSTREAM OF THE I R T  HEAT EXCHANGER. TUNNEL AIRSPEED. 402 
KWHR. 
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1 2 4 6 8 10 20 
m d h  
REYNOLDS NURBER. R e  =- 
AHV 
FIGURE 7. - OVERALL UA FOR DRY HEAT EXCHANGER I N  THE I R T .  HYDRAULIC DIAMETER OF IRT 
HEAT EXCHANGER FLOW PASSAGE, d h .  1 . 0 2  CM. 
FIGURE 8. - HEAT EXCHANGER AFTER I C I N G  RUN 5 /11 .  (OVERALL VIEW OF 
U N I T  1: UNITS 2 AND 3 I N  BACKGROUND ARE POORLY ILLUMINATED.)  
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FIGURE 10. - SMALL PART OF HEAT EXCHANGER FACE. 
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I RUN I DROP-I L I Q U I D  I DATE LET WATER SPEED, AIR- 
I I SIZE, 
8/2 
ALMOST 
BLOCKED 
; 
I 
CONTENT, VT, 
LWC, KM/HR 
G/M3 
I 
1.36 
1.92 
1.36 
1.36 
CLOUD 
FRACTION 
REACHING 
HEAT 
EXCHANGER, 
W X ~ ~ ~  
1.06 
1.03 
.76 
* 59 
1 .oo 
1 .oo 
AIR 
TEMPER- 
ATURE. 
TDOWN' 
OC 
-12 
-29 
-12 
-12 
-12 
-29 
FROST 
FROM 
VAPOR 
LITTLE I 
HEAVY 
u 
Y AND FROST-. 
w 8  s 
Y 
v) v, 0
2 6  
4 
L L  
4 
1" 
0 . 5  1.0 1.5 
SPRAY TIME. HR 
FIGURE 13. - EFFECT OF FROST AND ICE BUILDUP 
5 4  
ON HEAT EXCHANGER THERMAL PERFORMANCE. 
RUN 511 1. 
3 4 0 0 r  HEAT REMOVED 
2000 I- J 
, - 320 
2800 3000w 
FAN POWER 
2200 CONSUMPTION, 
I 
1400 1 I I I 
0 . 5  1 .o 1.5 
SPRAY TIME, HR 
FIGURE 12. - EFFECT OF FROST AND ICE BUILDUP ON 
TUNNEL DRIVE FAN AND HEAT REMOVED BY HEAT EX- 
CHANGER. RUN 5/11; CONSTANT AIRSPEED I N  TEST 
SECTION. 
RIME NEAR RIME 
-26 -20 -18 -15 -12 
TOTAL AIR TEMPERATURE, OC 
GLAZE ICE 
-8 -5 -2 -1 0 
TOTAL AIR TEMPERATURE. OC 
(A) ICE SHAPE. 
.08 - 
r CONSEQUENCE HORN 
SHAPED ,/ OF A fl Oc n u .06 - 
I-: 
w u LARGE FOR HORN- 
Y .04 
8 +-RIME - 
r 
- 
W 2 .02. n 
0 
-30 -20 -10 0 
TOTAL AIR TEMPERATURE. OC 
(B) DRAG COEFFICIENT. 
FIGURE 14. - EFFECT OF AIR TEMPERATURE ON ICE SHAPE AND RESULTING 
DRAG C O E p C I E N T .  AIRSPEED. 209 KM/HR: LWC. 1.3 G / M ~ ;  DROP 
SIZE. MVD. 20 p!; TIME. 8 MIN; AIRFOIL, 0.53-M CHORD AT 4'
ANGLE. 
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